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Sliding mode controlAbstract As a key assembly in the 5-axis CNC machine tools, positioning precision of the A-axis
directly affects the machining accuracy and surface quality of the parts. First of all, mechanical
structure and control system of the A-axis are designed. Then, considering the inﬂuence of nonlin-
ear friction, backlash, unmodeled dynamics, uncertain cutting force and other external disturbance
on the control precision of the A-axis, an adaptive sliding mode control (ASMC) based on extended
state observer (ESO) is proposed. ESO is employed to estimate the state variables of the unknown
system and an adaptive law is adopted to compensate for the input dead-zone caused by friction,
backlash and other nonlinear characteristics. Finally, stability of the closed-loop system is guaran-
teed by the Lyapunov theory. Positioning experiments illustrate the perfect estimation of ESO and
the stronger anti-interference and robustness of ASMC, which can improve the control precision of
the A-axis by about 40 times. Processing experiments show that the ASMC can reduce the waviness,
average error and roughness of the processed surface by 35.63%, 31.31% and 30.35%, respectively.
ª 2014 Production and hosting by Elsevier Ltd. on behalf of CSAA & BUAA.1. Introduction
5-axis CNC machine tools are widely used to manufacture
aerospace parts, turbine impellers and certain special dies.
These parts usually have a complex geometry and are repre-
sented by parametric or free form surfaces.1–3 As an essential
assembly in 5-axis machine tools, the A-axis has a complex
structure and many components, which is difﬁcult to activateand control; additionally, its stiffness is not easy to guarantee.
Research of the A-axis focuses on improving the positioning
precision, enhancing the driving torque, and increasing the
system stiffness. Currently, all aspects of the performance have
been improved, but there are few successful cases that taking
all the indicators into account. Therefore, it is particularly
important to improve the positioning precision while enhanc-
ing the driving torque of the existing A-axis.4
There are two main drive modes for the A-axis; one is
directly driven by the torque motor, and the other is driven
via the worm gear by the servo motor. Due to the omission
of the mechanical transmission, the direct drive makes the
disturbance act on the torque motor without buffering, thus
the drive system is more sensitive to the load disturbance
and parameters perturbation.5,6 The direct drive not only
requires the torque motor to satisfy the control requirements
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should have very high acceleration and deceleration perfor-
mance.7,8 A-axis with direct drive has the characteristics of
high speed and low torque, and it is mainly used for light load
and efﬁcient processing. However, for the large-scale and com-
plex surface parts made by the titanium alloys, the high-tem-
perature alloys and other difﬁcult processing materials, the
A-axis with high-power, high-torque and high-precision is
needed.9 The worm gear transmission driven by the servo
motor is a steady driving system that has the characteristics
of high torque and high accuracy.10 The processing quality
can be guaranteed by the damping properties of the mechani-
cal drive system, and the closed-loop system has better control
performance and larger transmission stiffness. In addition to
the high transmission ratio and compact structure, self-locking
is another unique advantage.11 During the machining process,
the self-locking function can maintain the spindle tool in a spe-
ciﬁc position without being driven by the servo motor.
However, compared with the rolling engagement of the tra-
ditional gear transmission, engagement in the worm gear trans-
mission is a pure sliding. Therefore, friction has a serious impact
on the positioning precision and stability of the A-axis system.12
Additionally, disturbance of the backlash, unmodeled dynam-
ics and uncertain cutting force seriously affect the positioning
performance of the A-axis during the machining process. In
order to maintain good dynamic performance, a controller that
is robust to the nonlinear disturbance needs to be designed.
Sliding mode control (SMC) has a complete self-
adaptability to the uncertainties and external disturbance, but
the discontinuous switching of the SMCmakes its control input
have a certain degree of chattering. Chattering can decrease the
control precision, increase the energy consumption, stimulate
the unmodeled dynamics, deteriorate the system performance,
and even damage the controller components. Consequently,
chattering elimination is the most important issue in SMC,13
and the commonly used method in chattering reduction is the
quasi-sliding mode and the reaching law. By designing a nonlin-
ear reaching law based on an exponential function, chattering
in SMC is reduced and tracking performance is improved.14,15
An SMC based on friction state observer is designed to estimate
the unknown internal state of the LuGre friction model.16–18
An adaptive dynamic surface control scheme combined with
SMC is used to compensate for the nonlinear friction and back-
lash in a linear stage motion system.19 A simple and robust
tracking control method based on a hyperbolic tangentialFig. 1 Mechanical stSMC and time delay estimation is proposed for a shape
memory alloy actuator.20 A fuzzy SMC hysteresis compensat-
ing strategy is proposed for a kind of typical piezoelectric
system, and a sliding estimator is designed to estimate the
unmeasured hysteretic part’s output.21 An SMC for chattering
reduction by low-pass ﬁltering the control signal was proposed
in Ref.22 and it only requires the estimation of sliding variable
via a disturbance estimator.
However, derivatives of the system output variables are
necessary for designing the sliding mode control law, which
causes inconvenience to the design of control system. With
regard to this, ESO is adopted to estimate the immeasurable
variables and uncertainties of the system, and meanwhile, an
adaptive law is employed to estimate the parameters of dead-
zone caused by friction, backlash and other nonlinear charac-
teristics. Finally, a novel ASMC based on ESO is proposed.
Positioning control experiments demonstrate the perfect esti-
mation of ESO and better positioning performance of ASMC,
and processing experiments show that this method can signif-
icantly enhance the machining accuracy of the blade surface.
Rest parts of this paper are organized as follows: mechan-
ical structure and control system of the A-axis system are
designed in Section 2. In Section 3, nonlinear dynamics model
of the A-axis is established. ESO-based ASMC is designed in
Section 4. Experimental veriﬁcation of the proposed control
strategy is carried out in Section 5. Section 6 is the conclusion.2. Mechanical structure and control system design of A-axis
The A-axis with high-precision, high-torque and high-stiffness
is illustrated in Fig. 1; the left and right spindles are ﬁxed
together with the spindle box by the turntable bearings. Servo
motor is mounted on the right of the spindle box, and the
transmission mechanism is composed of the gear and the dual
lead worm that can adjust the backlash. The angle encoder
with high-resolution is installed at the end of the rotating shaft,
with which the closed-loop control of the A-axis can be
achieved. Hydraulic locking mechanism is on the left side of
the spindle box, which can tighten the rotating shaft at an arbi-
trary position (the locking pressure is 5 MPa, and the locking
torque is 5000 NÆm). Set the zero point at the level state of the
spindle which can swing 30 upward and 120 downward.
Structure of the A-axis control system is shown in Fig. 2,
which is composed of the industrial control computerructure of A-axis.
Fig. 3 Nonlinear function of dead-zone.
Fig. 2 Structure of A-axis control system.
710 P. Zhao,Y. Shi(ADVANTECH IPC-610-H), the servo drive (6SN1111-
0AA00-1DV0), the motion controller (TURBO PMAC
CLIPPER), the AC permanent magnet synchronous motor
(SIEMENS 1FT7105), the timing belt with trapezoidal tooth
(UNITTA 300H150), the ZK-type worm gear, the milling
motorized spindle (RT-M300-25/4-G-B-E) and the angle enco-
der (HEIDENHAIN RCN228 ± 2.500). Angular displacement
of the motorized spindle is measured by the angle encoder;
then, the measurement is fed back to the controller. The
control deviation is calculated according to the feedback signal
and the speciﬁed input within each sampling period, and the
control output can be derived in the light of the control
algorithm. Control instructions transmitted by the D/A and
the servo drive can activate the AC motor, torque of the
motor delivered by timing belt and the worm gear will
drive the motorized spindle to swing, in order to achieve the
desired angular displacement demanded by the processing
requirement.
3. Nonlinear dynamics model of A-axis
Suppose the stiffness of the A-axis is inﬁnite, and equivalent
dynamics model of the system can be expressed as
J€x1 þ sf þ sb ¼ sm þ dðtÞ ð1Þ
where J is the equivalent inertia, x1 the angle displacement of
A-axis, sf the nonlinear friction which is connected with speed,
sb the nonlinear backlash which has to do with the frequency
of input signal, sm the input torque, and d(t) the total of
unmodeled dynamics, uncertain cutting force and other exter-
nal disturbance.
Essentially, the A-axis can be considered as a nonlinear
dead-zone system resulting from friction, backlash and other
nonlinear characteristics. According to Eq. (1), the differential
equation with dead-zone can be rewritten asFig. 4 Structure of AS_x1 ¼ x2
_x2 ¼ fðx; tÞ þ dðtÞ þ BðtÞwðuÞ ¼ aðtÞ

ð2Þ
where x= [x1, x2]
TeR2 is the state vector, f(x, t)eR an
unknown nonlinear function, B(t)eR the control gain, and
Bmin 6 B(t) 6 Bmax, u(t)eR the control input. The external dis-
turbance |d(t)|<q (q> 0), a(t) is continuously differentiable
and the change rate is bounded; w(u)eR is the nonlinear func-
tion of dead-zone, as shown in Fig. 3, which can be expressed
as23
wðuÞ ¼
mrðu brÞ u > br
0 bl 6 u 6 br
mlðu blÞ u < bl
8><
>: ð3Þ
where ml > 0 and mr > 0 are slopes of the dead-zone function,
and mrmin 6 mr 6 mrmax, mlmin 6 ml 6 mlmax. bl < 0 and
br > 0 are thresholds of the dead-zone, and brmin 6 br 6 brmax,
blmin 6 bl 6 blmax.4. ESO-based ASMC
4.1. Structure of control system
When designing the SMC, sliding surface is the ﬁrst thing to
construct, which is constituted with the system control error
and its derivative. However, the derivative is difﬁcult to mea-
sure or unable to obtain. Therefore, ESO is used to replace
the sensor and an ASMC system is constructed,24 as illustrated
in Fig. 4. ESO is used to estimate the state variables and the
unknown system model and an adaptive law is used to estimate
the dead-zone parameters which will be employed to compen-
sate for the nonlinear dead-zone.MC control system.
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By adding a state variable x3, Eq. (2) can be rewritten as
_x1 ¼ x2
_x2 ¼ x3 ¼ aðtÞ
_x3 ¼ _aðtÞ
8><
>: ð4Þ
Structure of the ESO with observation states x^i (i= 1, 2, 3)
can be expressed as25,26
_^x1 ¼ x^2  k1ðx^1  x1Þ
_^x2 ¼ x^3  k2ðx^1  x1Þ
_^x3 ¼ k3ðx^1  x1Þ
8><
>: ð5Þ
where ki is the constant. Deﬁne the state errors as
Dxi ¼ x^i  xi; Eq. (5) minus Eq. (4) yields
D _x ¼ ADxþ e ð6Þ
where Dx ¼ ½Dx1;Dx2;Dx3T, A ¼
k1 1 0
k2 0 1
k3 0 0
2
4
3
5;
e ¼ ½ 0; 0;  _aðtÞ T:
Characteristic equation of A is
s3 þ k1s2 þ k2sþ k3 ¼ 0 ð7Þ
By selecting the appropriate ki based on the pole assign-
ment method, Dx will be asymptotically stable, which can
guarantee that the estimation of state variables asymptotically
track the actual values.
4.3. Design of ASMC
Deﬁne the desired signal as xd = [xd,0]
T, and the system
control error is e= x  xd=[x1,x2]T  [xd, 0]T = [e1, e2]T.
Select the following sliding surface
s ¼ e2 þ c1e1 ¼ x2 þ c1ðx1  xdÞ ð8Þ
Eq. (9) can be obtained from Eq. (2)
_x2 ¼ fþ dþ Bw ¼ fþ dþ ðB0 þ DBÞw ¼ fþ d1 þ B0w ð9Þ
where B0 is the control gain, DB the variation of control gain,
(DB)w the disturbance, and d1 = d+ (DB)w.
According to Eqs. (6) and (8) can be rewritten as
s ¼ ðx^2  Dx2Þ þ c1ðx^1  Dx1  xdÞ
¼ x^2 þ c1ðx^1  xdÞ  Dx2  c1Dx1 ¼ s^ Dx2  c1Dx1 ð10Þ
where |Dx2 + c1Dx1| 6 g1, g1P 0.
_^s ¼ _^x2 þ c1 _^x1 ¼ D _x2 þ _x2 þ c1 _^x1
¼ D _x2 þ fþ d1 þ B0wþ c1 _^x1 ð11Þ
Assume _^s ¼ 0;D _x2 ¼ 0: Then, the equivalent control is
weq ¼ B10 ðf d1  c1 _^x1Þ ð12Þ
The switching control is
wsw ¼ kd s^ k  satðs^=eÞ ð13Þ
where e> 0, g2 6 kde+ k, and g2 > 0.And the system control
input is
wd ¼ weq þ wsw ð14Þwhere wd  w, and w is the actual control input. Suppose
_^wd ¼ dw^d þ dwd ð15Þ
where d> 0, and limt!1limd!1w^d ¼ w:
According to Eq. (6) and Eq. (9), Eq. (14) can be rewritten
as
wd ¼ B10 ð _^x2 þ B0w^d  c1 _^x1Þ  kds^ ksatðs^=eÞ ð16Þ4.4. Dead-zone compensation
Suppose the control input of dead-zone is27
u ¼
m^1r ðwd þ m^rb^rÞ e1 < ed
0 je1j 6 ed
m^1l ðwd þ m^lb^lÞ e1 > ed
8><
>: ð17Þ
where ed is the desired steady state error.
Deﬁne N= [nr, nl], M= [mr, ml]
T, h= [ mrbr, mlbl]
T, and
nr ¼ 1 e1 < ed0 e1 P ed

; nl ¼ 1 e1 > ed0 e1 6 ed

:
Deﬁne /= [mr/mr, ml/ml]
T = [1,1]T, and its estimated
value is /^ ¼ ½mr=m^r;ml=m^lT, where estimation errors of h
and / are ~h ¼ h^ h and ~/ ¼ /^ / respectively, and h^ and
/^ can be obtained by the following adaptive law.
_^
h ¼ _~h ¼ aNTse
_^
/ ¼ _~/ ¼ bNTHse
(
ð18Þ
where a> 0 and b> 0 are change rates of the adaptation,
H ¼ wd þNh^, se ¼ s^ e  satðs^=eÞ;whenjs^j 6 e; se ¼ 0.
And Eq. (17) can be rewritten as
u ¼ ðNM^Þ1ðwd þNh^Þ ð19Þ
where M^ can be obtained via the adaptation of m^jðj ¼ r; lÞ
m^j;nþ1 ¼ /^j;nm^j;n ð20Þ
where n is the number of updates. According to Eq. (19),
w ¼ NMuNh ¼ ðNMÞðNM^Þ1ðwd þNh^Þ Nh ð21Þ
Substitute Eq. (21) into Eq. (11), then
_^s ¼ D _x2 þ fþ d1 þ B0½ðNMÞðNM^Þ1ðwd þNh^Þ Nh
þ c1 _^x1
¼ D _x2 þ fþ d1 þ B0fð1þN~/Þ½B10 ð _^x2 þ B0w^d
 c1 _^x1Þ  kds^ k  satðs^=eÞ þNh^ Nhg þ c1 _^x1
¼ D _x2 þ fþ d1  _^x2 þ B0w^d  c1 _^x1  B0kds^ B0k
 satðs^=eÞ þ B0Nh^ B0Nhþ c1 _^x1 þ B0N~/ðwd þNh^Þ
¼ D _x2 þ fþ d1  _^x2 þ B0w^d  B0kds^ B0k  satðs^=eÞ
þ B0Nh^þ B0N~/H
¼ B0½w^d  w kds^ k  satðs^=eÞ þNh^þN~/H ð22Þ
Theorem 1. For the nonlinear system Eq. (9), under the action
of the sliding surface s^ and the control law Eq. (21), the system
state can asymptotically track the desired signal.
712 P. Zhao,Y. ShiProof. Deﬁne the following Lyapunov function
V ¼ 1
2
1
B0
s2e þ
1
a
~hT~hþ 1
b
~/T~/
 
ð23Þ
Then
_V ¼ 1
B0
se _^sþ 1a
_~hT~hþ 1
b
_~/T~/ ð24Þ
when js^j < e, se = 0, and _V ¼ 0 can be obtained via Eq. (18).
Next, we should prove that _V 6 0 is founded when js^jP e.
Substitute Eq. (22) into Eq. (24), then
_V ¼ se½w^d  w kd s^ k  satðs^=eÞ þN~hþN~/H þ 1a
_~hT~h
þ 1
b
_~/T~/ ð25Þ
Substitute Eq. (18) into Eq. (25), then
_V ¼ se½w^d  w kd s^ k  satðs^=eÞ
6 g2jsej  kds2e  kdejsej  kjsej ð26Þ
By selecting the sufﬁciently large parameters kd and k, and
g2 6 kde+ k will be founded. Thus
_V 6 kds2e 6 0 ð27ÞFig. 5 Step respoSubsequently, when tﬁ1, se(t)ﬁ 0. Due to
se ¼ s^ e  satðs^=eÞ and s^ ¼ x^2 þ c1ðx^1  xdÞ, js^j < e and x^ is
bounded. According to the principle of ESO, x^1 ! x1 and x1
can asymptotically track the desired signal xd.
5. Experiments
Advantech IPC-610-H is selected as the master controller,
which is employed to edit and execute the control program
and guide the human-computer interaction. PMAC is adopted
as the slave controller, which is used to drive the AC motor to
accomplish all the designed motions via the servo driver and
monitor the change of all the state variables during the control
process. Write control program based on C++, including the
traditional PID control and the ASMC program, A/D and D/
A program, sampling and measurement program. Adopt
Advantech PCL818L data acquisition card, PCL730 digital
I/O card, and PCL726 analog output card to acquire, convert
and export data.
ESO is adopted to estimate the immeasurable variables and
uncertainties of the system, and an adaptive law is used to esti-
mate the dead zone parameters. Set the sampling time as 0.02s.
Other parameters are selected based on the pole assignment
method. When c1 is larger, trajectory of the tracking response
is prone to oscillate, and when c1 is smaller, time of the steady
state becomes longer. To avoid this problems, when |e1|Pnse of ASMC.
Adaptive sliding mode control of the A-axis used for blisk manufacturing 713103 rad, select c1 = 5, and when |e1| < 10
3 rad, select
c1 = 20.
Firstly, based on the designed A-axis, estimation effects of
the ESO and control performance of the ASMC are veriﬁed.
Segmented step response is illustrated in Fig. 5, and the desired
signals are 0.4 rad and 0.2 rad. As illustrated in Fig. 5(b), the
steady state error is 8.56 · 105 rad after 0.5 s, that is, the sys-
tem comes into the equilibrium state with the control voltage
being 5.5 V. From Eq. (12), c1 _^x1 has the damping character-
istics, which can provide the reverse control input to avoid
overshoot; the negative control input can explain this phenom-
enon, that is, due to the damping effect and the estimation
error, the control voltage u< 5.5 V. Fig. 5(a) and (c) show
that x^1 ! x1 and s^ ! 0 in ﬁnite time, which illustrates the per-
fect estimation of ESO. Estimation of the dead-zone parame-
ters are shown in Fig. 5(d), h^r; h^l; /^r; /^l are all the bounded
signals, and /^r  1; /^l  1 indicates that the estimation is close
to the actual value. Parameters used in the control experiments
are illustrated in Table 1.Fig. 6 Square response of P
Table 1 Parameters used in control experiments.
Parameter k1 k2 k3 e d k kd
Value 80 1050 4850 0.02 35 2.5 · 104 1.56 · 10To further verify the superiority of the designed controller,
ASMC and the traditional PID control are compared by
square response (positioning control) and sine response (track-
ing control). Fig. 6(a) and (c) are the square response of PID
and ASMC respectively. In Fig. 6(b), e1 = 3.57 · 103 rad,
and in Fig. 6(d), e1 = 8.82 · 105 rad, that is, ASMC can
improve the control precision by 40.48 times. Fig. 7(a) and
(c) are the sine response of PID and ASMC respectively. In
Fig. 7(a), obvious dead-zone is near the equilibrium position
and e1 = 3.16 · 103 rad as shown in Fig. 7(b). In Fig. 7(c),
the dead-zone is eliminated and e1 is reduced to
8.59 · 105 rad as shown in Fig. 7(d), that is, control precision
is improved by 36.79 times. Experimental results show that
performance of the A-axis system is signiﬁcantly improved
by the designed control strategy.
Secondly, in order to verify the effectiveness and feasibility
of the proposed ASMC, processing experiments are imple-
mented based on the A-axis. Processing effect of the tradi-
tional PID control and ASMC is illustrated in Fig. 8. UseID control and ASMC.
B0 a b /^r /^l m^r m^l h^r h^l
3 2450 3 · 105 4 · 106 1 1 1 1 0.042 0.042
Fig. 7 Sine response of PID control and ASMC.
Fig. 8 Processing effect of blisk.
714 P. Zhao,Y. Shithe coordinate measuring machine to measure the blade sur-
face dimensions and use the roughness tester to test the surface
roughness. There will be numerous inherent, uniform, irregularand tightly arranged peaks and troughs on the surface after
processing. Assuming distance between two peaks or two
troughs is k, when k< 0.01 mm, it is deﬁned as roughness;
Table 2 Comparison of processing effect.
Method Waviness
dw (mm)
Average
error ds (mm)
Roughness
Ra (lm)
PID 0.087 0.658 8.247
ASMC 0.056 0.452 5.744
Adaptive sliding mode control of the A-axis used for blisk manufacturing 715when 0.01 mm 6 k< 0.10 mm, it is deﬁned as waviness; when
kP 0.1 mm, it is deﬁned as average error. As shown in Table 2,
ASMC can reduce the waviness by 35.63%, decrease the aver-
age error by 31.31% and lessen the roughness by 30.35% when
compared with the traditional PID control.
6. Conclusions
(1) Mechanical structure and control system of the novel
A-axis are designed.
(2) Consider the inﬂuence of nonlinear dead-zone caused by
friction, backlash and other external disturbance on
control performance of the A-axis, an adaptive sliding
mode control (ASMC) based on extended state observer
(ESO) is presented.
(3) Positioning experiments show that the ESO has perfect
estimation effect and the ASMC can improve the con-
trol precision by about 40 times.
(4) Processing experiments show that the ASMC is much
more robust to the uncertain cutting force and parame-
ters perturbation and it can reduce the waviness, average
error and roughness of the processed surface by 35.63%,
31.31% and 30.35%, respectively.Acknowledgment
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